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Coarse-grained model for saturated (DCPC, DLPC, DMPC, DPPC, DSPC) and unsaturated
(POPC, DOPC) phospholipids is introduced within the Single Chain Mean Field theory. A single
set of parameters adjusted for DMPC bilayers gives an adequate description of equilibrium and
mechanical properties of a range of saturated lipid molecules that differ only in length of their
hydrophobic tails and unsaturated (POPC, DOPC) phospholipids which have double bonds in the
tails. A double bond is modeled with a fixed angle of 120 degrees, while the rest of the parameters
are kept the same as saturated lipids. The thickness of the bilayer and its hydrophobic core, the
compressibility and the equilibrium area per lipid correspond to experimentally measured values for
each lipid, changing linearly with the length of the tail. The model for unsaturated phospholipids
also fetches main thermodynamical properties of the bilayers. This model is used for an accurate
estimation of the free energies of the compressed or stretched bilayers in stacks or multilayers and
gives reasonable estimates for free energies. The proposed model may further be used for studies of
mixtures of lipids, small molecule inclusions, interactions of bilayers with embedded proteins.
I. INTRODUCTION
Cell membranes represent thin and flexible lay-
ers separating the interior of the cells from the
environment1. Specific structure of the cell
membrane2 provides the cell with numerous phys-
iological functions: membranes maintain a stable
metabolism of the intracellular environment, modu-
late and select small molecules and bio-molecules that
can penetrate inside the cell2. Functional and struc-
tural properties of cell membranes are strongly re-
lated to the structure of lipid molecules3. Cell mem-
branes are composed of a mixture of different types of
lipids including saturated and unsaturated phospho-
lipids, cholesterol molecules, fatty acids, proteins and
other inclusions2. Membrane properties and biological
functions provided by cell membranes are ensured by
tuned balance of membrane composition. When this
balance is altered, the cell function can be modified
and can even lead to certain diseases4.
Many functional properties of lipid membranes are
determined by collective phenomena, where many
molecules interact with each other and self-assemble
in complex arrangements with internal structure and
order3. In particular, a detailed microscopic descrip-
tion of collective phenomena in lipid bilayers may
require the study of very large systems comprising
of large number of lipid molecules, where atomistic
Molecular Dynamics (MD) simulations are not yet
practical5. Thus, theoretical description of large lipid
systems is usually limited to coarse-grainedmodels5–7,
where groups of atoms are represented by effective
beads, thus reducing number of degrees of freedom
in simulated systems. It is usually accepted that the
coarse-graining provides an adequate and consistent
description of equilibrium and structural properties of
lipid bilayers6–8. Since lipid molecules are rather short
and their conformation space is limited, the resulted
equilibrium structures are determined by amphiphilic
structure of molecule and thus the bilayer composition
is not sensitive to details of coarse-graining7.
Combination of coarse-grained molecular models
with mean field theories is the next step towards de-
scription of even larger lipid systems. The mechani-
cal and structural properties of lipid bilayers can be
successfully modeled within the Single Chain Mean
Field (SCMF) theory9. The SCMF theory was orig-
inally proposed10–12 to describe the self-assembly of
surfactants into spherical micelles10,12–14. Computa-
tionally expensive calculation of interactions between
molecules is replaced by calculation of interactions
of a single molecule in different conformations with
a mean field, created by other molecules. In this
approach correlations between molecules and fluctu-
ations are neglected, while the output of the the-
ory is equilibrium structures. This theory gives de-
tailed molecular structure of nanoscale objects self-
assembled from relatively short molecules. Since
SCMF theory describes the systems in equilibrium,
the free energy of different self-assembled structures
can be obtained directly10–12, easier than in Molecular
Dynamics (MD) and Monte Carlo (MC) simulations.
In addition, modifications of this theory, for example,
single chain in mean field simulations15, can describe
long-wavelength fluctuations.
In this work we propose a general coarse-grained
model for the SCMF theory of most common lipids16
found in Nature that have the same polar head and
differ only in the length of their aliphatic tails. This
model is similar in spirit to 10-beads model described
in Ref. 9, but is more accurate in description of equi-
librium properties of the bilayers and can be applied
to a wider range of lipids. To test the performance of
our model we compare the free energy of compressed
bilayers with MD simulation results17 obtained within
MARTINI model.
2II. GENERAL MODEL OF SATURATED
AND UNSATURATED PHOSPHOLIPIDS
SCMF theory of lipid bilayers9,18 describes lipid
molecules in a coarse-grained approximation as a
group of connected beads interacting via effective pair-
wise potentials. Each bead represents several atoms
while the number of atoms in the bead depends on
the level of coarse-graining. In contrast to widely
used Self-Consistent Field (SCF)19,20 theories, there
is no a priori assumption on the probability distri-
bution of conformations of molecules; instead, rep-
resentative sampling10 of conformations is generated
using Monte Carlo or Rosenbluth methods21. Thus,
this method provides more adequate description for
short molecules which have non-Gaussian probability
distribution of conformations, which is the case for
lipids. Explicit generation of the sampling allows to
split the interactions of the molecules into intra- and
intermolecular parts. Intra-molecular interactions can
be calculated explicitly for each conformation during
the generation of the sampling, while intermolecular
interactions are replaced by interactions of each con-
formation with mean-fields created by other molecules
or external fields. Thus, the probability of each con-
formation Γ is fixed by a given distribution of mean
fields, while the mean fields are calculated as averages
over all conformations with their probabilities, hence
closing the self-consistency loop. Such strategy allows
to write a set of self-consistent non-linear algebraical
equations, which can be solved numerically.
SCMF method applied to lipid bilayers is summa-
rized in Ref. 9, here we list the resulting expressions.
The probability of each conformation Γ,
ρ(Γ) =
1
Z
e−
Heff (Γ)
kT (1)
normalized by the normalization constant Z, is given
by the effective Hamiltonian, Heff (Γ), which is deter-
mined by distributions of the mean fields9,18,
Heff (Γ)
kT
= U0(Γ) + (N − 1)
(∫
uT (Γ, r) 〈cT (r)〉 dr
+
∫
uH(Γ, r) 〈cH(r)〉 dr
)
+
∫
us(Γ, r)cs(r)dr −
∫
λ(r)φ(Γ, r)dr (2)
where N is the number of molecules in the system;
U0(Γ) is the contribution from intra-molecular inter-
actions of a particular conformation Γ; uT , uH , us
and φ are the contributions of each conformation to
the fields of interactions of two types of beads, tails
(T), heads (H), solvent molecules (s), and excluded
volume, in a particular point in space r. The corre-
sponding mean fields created by the molecules are the
averages over all conformations with the correspond-
ing probability ρ(Γ) are denoted by angular brackets.
Hence,
〈cT (r)〉 =
∫
ρ(Γ)cT (Γ, r)dΓ (3)
〈cH(r)〉 =
∫
ρ(Γ)cH(Γ, r)dΓ (4)
〈φ(r)〉 =
∫
ρ(Γ)φ(Γ, r)dΓ (5)
vscs(r) = φ0 −N 〈φ(r)〉 (6)
where vs is the volume of the solvent bead and φ0 is
the maximum volume fraction, allowed in the system9.
These equations are accompanied by the incompress-
ibility condition,
vsλ(r) = ln (vscs(r)) +N
∫
ρ(Γ)us(Γ, r)dΓ (7)
where λ(r) is related to lateral pressure inside the bi-
layer. The interactions between the beads of lipids
and the solvent are described by potential square
well, which includes hard-core repulsion at the dis-
tances smaller than the sum of radii of the interacting
beads and attraction or repulsion within the interac-
tion range. This repulsion between the beads of differ-
ent molecules is determined by the excluded volume
field.
These nonlinear equations give distributions of
lipids and solvent molecules at equilibrium and the
corresponding total free energy of the system. In ad-
dition to the global minimum of the system, the so-
lution of equations may also lead to metastable solu-
tions with higher free energy, which may, in principle,
inform on possible metastable states as well as the
transition path between stable states.
Phospholipid molecules are modeled as a sequence
of beads of two types, heads (H) and tails (T), as
shown in Figure 1. All studied lipid molecules have the
phosphatidylcholine head which is represented by two
H-beads of radius equal to 3.3 A˚ (Figure 1a), which
are the same for all studied lipids.
The saturated lipids differ only in length of the tails
of aliphatic chains (Figure 1-a). Thus, the coarse
grained model represents the tails of lipids with hy-
drophobic T-beads of radius 2.5 A˚, effectively group-
ing two or four carbon atoms according to the follow-
ing rules: (i) the first T-bead, connected to the head,
represents one carboxylate and one carbon group;
(ii) next non-terminal T-beads represent four carbon
groups; (iii) the terminal T-bead of the tail represents
two or four carbon groups, depending on the length
of the terminal bond (4.5 A˚ or 7.5 A˚, correspond-
ingly). The length of the rest of bonds is 7.5 A˚, and
there is no restrictions on the angles between them,
i.e. the beads are freely jointed. The molecules are
generated by self-avoiding walk using Rosenbluth al-
gorithm, i.e. the beads in the resulting conformations
do not intersect. The solvent molecules are repre-
sented by S-beads of radius 2.5 A˚. The parameters
of the model are summarized in Table I. Two types of
beads tails (T) and heads (H) and solvent (S) inter-
act through square well potentials: the interaction is
equal to zero if the distance between the center of bead
3FIG. 1: (a) Chemical structure (left) and the corresponding coarse grained model (right) of saturated phospholipids DCPC, DLPC,
DMPC, DSPC (from left to right). (b-c) Chemical structure and the coarse grained model of unsaturated phospholipids POPC and
DOPC. Green beads correspond to hydrophilic (H) and grey beads correspond to hydrophobic (T) groups (see parameters in Table I).
Unsaturated lipids have a kink of a fixed angle 120 degrees at the double bond.
is larger than the interaction range, while if the centers
of beads are within the interaction range, the interac-
tion between the beads has a constant value listed in
the table. There are only two types of interactions:
between two hydrophobic beads TT and between one
hydrophilic bead and solvent HS. Since the molecules
are modeled as sequence of hard spheres, close pack-
ing is achieved for occupied volume fraction φ0 smaller
than 1, which is, in fact, a parameter of the system
controlling the excluded volume interactions. In the
model it is set to 0.685. The parameters of the model
are adjusted through series of simulations with large
sampling (7×107) and resolution. The simulation box
(Width × Length × Height) is set to 100.0 A˚ ×100.0
A˚ ×62.7 A˚ and the periodic boundary conditions in
lateral directions are used.
The constructed model for saturated lipids can fur-
ther be extended to unsaturated lipids of a similar
structure, POPC and DOPC, which have exactly the
same head group and similar to saturated lipids DPPC
and DSPC chemical structure (Figure 1). However,
there are important differences in the molecule’ struc-
ture that should be reflected in the model. (i) One of
the tails of POPC is shorter than the other; (ii) POPC
molecule has one and DOPC molecule has two double-
bonds in the middle of the fatty acid tails. There-
fore, tails of POPC have different lengths, but tails
of DOPC are of the same length. As a result, in our
TABLE I: Parameters of the coarse-grain model of saturated and
unsaturated phospholipids. Phosholipids of each group differ only
in the length of the hydrophobic tail (Figure 1) while the
interaction parameters are the same.
Lipid model parameters: Saturated
H-bead radius (A˚) 3.3
T-bead radius (A˚) 2.5
S-bead radius (A˚) 2.5
Interaction range (A˚) 7.5
T-T contact energy (kT) 1.20
H-S contact energy (kT) −0.15
Bond length (A˚) 7.5
Terminal group bond length (A˚) 4.5
Occupied volume fraction φ0 0.685
Simulation parameters:
Sampling (number of configurations) 7× 107
Simulation box size (A˚) 100.0 × 100.0 × 62.7
model (Figure 1-b,c) the lipid tail with no double bond
in POPC has the same structure as the tails of DPPC,
while the tail with hydrogen bond in POPC and both
tails of DOPC have similar structure as DSPC. In ad-
dition, the bead in the middle of the tail corresponding
to double bound has a fixed angle of 120 degrees.
The implementation of fixed angle is illustrated in
Figure 2. A rotated coordinate system XYZ (red)
centering on the unsaturated bead i is defined with
4FIG. 2: Implementation of a fixed angle of a double bond in the
unsaturated lipid model.
respect to a fixed coordinate system xyz, where z-
axis is oriented along the extended line of the bond
connecting bead i with the bead i − 1. xy plane is
perpendicular to z-axis. The line of nodes-N (orange)
is defined as the intersection of the xy and XY coor-
dinate planes. α is the angle between x-axis and N -
axis, β is the angle between the z-axis and the Z-axis.
Random position of the next bead i + 1 is generated
first in the rotated coordinate system XY Z and than
transferred with rotated matrix:
cosα − cosβ cosα sinβ sinαsinα cosβ cosα − sinβ cosα
0 sinβ cosβ

 (8)
to the original coordinate system xyz.
III. EQUILIBRIUM PROPERTIES OF LIPID
BILAYERS
The equilibrium properties of unconstrained bilay-
ers at 30 ◦C are calculated and compared with the ex-
perimental data for saturated DCPC, DLPC, DMPC,
DPPC and unsaturated POPC, DOPC lipids, see Ta-
ble II. The calculated equilibrium properties include
area per lipid, volume per lipid, membrane thickness
(defined by the bilayer distance between midpoint of
the total volume fraction), hydrophobic core thick-
ness (defined by the bilayer distance between midpoint
of the tail beads volume fraction), distance between
heads (defined by the peak value of the slopes of the
head beads volume fraction) and the compressibility
constant which describes the rigidity of membrane in
lateral direction. It is calculated as a second deriva-
tive of the free energy versus area per lipid around the
minimum of the free energy (see Ref. 9).
The experimental data is collected from different
sources of X-ray scattering and corresponds to fully
hydrated fluid phase. The temperature of all ex-
perimental data is 30 ◦C, which makes it possible
the comparison with simulation data. However, the
main transition temperature of DPPC and DSPC is
around28 41 ◦C and 54 ◦C correspondingly. This
means that these lipid bilayers should be in a gel
phase at 30 ◦C, at which the bilayer has completely
different equilibrium and mechanical properties. In
order to consider systematically all lipids with differ-
ent tail lengths in the same framework, it was pro-
posed to use experimental estimates for the effec-
tive values that lipid bilayers would have at 30 ◦C
if they would not have undergone the transition into
gel phase. To do so, the averaged molecular area
expansion kDPPC = 0.190 A˚
2
/deg, kDSPC = 0.167
A˚
2
/deg27 was introduced27 to extrapolate experimen-
tal area per lipid to 30 ◦C. Similarly, averaged molec-
ular thickness expansion kDPPC = 0.090 A˚/deg was
used to extrapolate the membrane thickness. How-
ever, the compressibility modulus of DPPC is not ac-
cessible at such temperature.
A. Saturated lipids
Good agreement between experimental and theoret-
ical predictions of the general model is shown in Figure
3. Our model reproduces almost perfectly the equilib-
rium properties of bilayers assembled from saturated
lipids with different tail lengths using the single set of
interaction parameters. The calculated equilibrium
properties for liquid phase show linear dependance
with the length of the tail. The statistical error of
SCMF calculations is of the order of 1% for thickness
and area and 5.4% for compressibility constant since
it is a second derivative of the free energy and thus
it requires large sampling to achieve a high accuracy.
The thickness of the bilayers and the hydrophobic core
thickness and the distance between heads increase lin-
early with the length of the tails, which corresponds
to the increased molecular volume of the lipids. The
compressibility constant and area per lipid decrease
with the length of the tails. This is attributed to the
increase of the TT contact energy per lipid with in-
creased number of T beads. To analyze such behav-
ior, we use one of the advantages of the SCMF theory,
namely the direct access to components of the total
free energy at equilibrium. Figure 4 shows the depen-
dence of the dominant terms in the total free energy:
the energy of TT contacts and the entropy of lipids as
a function of the lipid tails length. Other terms to the
free energy, the intra-molecular internal energy and
the energy of head-solvent interactions are small and
almost constant, thus not shown. Main contribution
to the free energy per lipid is the energy of TT con-
tacts, which increases with the number of T beads in
the tails, making the lipid more hydrophobic and thus
leading to closer packing in the bilayer core region.
The average volume fraction profile of the equilib-
rium lipid bilayer is shown in Figure 5. It shows the
total volume fraction in the bilayer as well as the dis-
tribution of heads and tails in the bilayer for three
saturated lipids. Increased length of the tail leads to
the increase of the thickness and increase of the head-
to-head distance as reflected in Table II.
5TABLE II: Equilibrium thermodynamic and mechanical properties of saturated and unsaturated lipids obtained with the SCMF model of
lipids and compared with experimental data. Theoretical data for unsaturated lipids corresponds to corrected for volume data denoted by
a star in Figure 3.
Lipid DCPC DLPC DMPC DPPC DSPC POPC DOPC
Equilibrium Area per lipid Exp - 63.2 a 60.6 b 59.96 * 58.79* 68.3 72.4
A0 (A˚
2
) Theor 61.9 62.5 61.5 60.1 59 65.4 69.9
Volume per lipid Exp - 991 a 1101 b - - 1256 1303
VL (A˚
3
) Theor 978 1025 1098 1196 1283 1306 1389
Membrane thickness Exp - 38.9 a 44.2 b - - 45.1 44.8
DM (A˚) Theor 35.7 39.7 43.8 45.7 48.3 45.8 45.2
Hydrophobic core thickness Exp - 20.9 a 25.4 d 27.3 * - 27.1 26.8
DT (A˚) Theor 19.0 23.2 25.2 27.6 30.7 27.8 27.7
Distance between heads Exp - 30.8 a 35.3 b - - 37 36.7
DH (A˚) Theor 27.3 30.9 34.8 37.5 40.1 37.8 37.5
Compressibility constant Exp - 302 e 257 e - - 278e 251 e
KC (dyn/cm) Theor 313 295 272 264 248 292 279
a Experimental data by Kucˇerka et al.22 b Experimental data by Kucˇerka et al.23 c Experimental data by
Nagle et al.24 d Experimental data by Feig25 e Experimental data by Mathai et al.26 * DPPC and DSPC are in gel
phase at 30 ◦C and these data are extrapolated values by Kucˇerka et al.27 to fluid phase values.
 Experimental data /  Theoretical data
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FIG. 3: Equilibrium thermodynamic and mechanical properties of saturated and unsaturated lipids obtained with the general model of
lipids in SCMF theory and compared with experimental data. solid square represent the experimental data of DCPC, DLPC, DMPC,
DPPC, DSPC, POPC, DOPC, Solid sphere reprenents the simulation data obtained with coarsed grained model with SCMF theory, solid
star denote the simulation data of POPC, DOPC after considering the effect of excluded volume. A fitting curve is generated as red line
based upon the simulation data of saturated lipids
B. Unsaturated lipids
Our model of unsaturated DOPC and POPC lipids
is based on the structure of saturated DPPC or DSPC
lipids which have similar tail length and molecular vol-
ume, Figure 1. The only difference between saturated
and unsaturated lipids is the hydrogen bonds in the
middle of the tails. One possibility is to model double
bounds in the tails is to fix the angle as shown in Fig-
ure 2 and keep all other parameters of saturated lipids
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FIG. 4: Contributions to the total free energy (squares) of
equilibrium saturated fatty acid liquid PC bilayers calculated
within SCMF theory: the energy of TT contacts (sircles) and
entropy (triangles). Other contributions (intra-molecular energy
and the energy of Hs contacts are small.
model shown in Table I. Such model with no fitting
or additional parameters gives reasonable estimates
for the structure of the bilayer, thickness of the mem-
brane and hydrophobic core, molecular volume and
gives reasonable compressibility constant (red circles
in Figure 3). However, the resulting area per lipid
is significantly lower experimental values. This can
be explained by underestimated crowding effect in-
duced by disordered packing of tails with fixed angles.
But this packing effect relies on strong correlations be-
tween neighboring lipid tails and this effect definitely
goes beyond mean field and hence is not present in
SCMF theory. In addition, these tails with fixed an-
gle in the middle of the tail is difficult to align in par-
allel arrays, thus, impeding unsaturated lipids from
phase transition to gel phase, observed for saturated
lipids of the same structure and same temperature.
Fixed angle induces the distortion in the conforma-
tions of lipids which results in slightly increased av-
erage excluded volume of conformations. According
to our numerical estimations based on averaging of
the excluded volume of each generated conformation,
the increase of the excluded volume is about 5.1% for
DOPC and 2.6% for POPC. This effect was indirectly
incorporated into the model of unsaturated lipid by
increasing the volume of the beads by this amount.
This increase of the volume of the beads has led to
significantly better correspondence with experimental
results as shown in Figure 3 and Table II. The conse-
quences on the lipid bilayer structure induced by the
replacement of DSPC by DOPC lipid is depicted in
Figure 6. The thickness of the bilayer of unsaturated
lipid is lower than that of saturated lipid because the
number of lipids in the equilibrium is smaller.
IV. BILAYERS UNDER COMPRESSION
General model for saturated phospholipids is shown
to be successful in description of equilibrium thermo-
dynamic properties of single unconstrained bilayers.
In order to test this model further, we consider com-
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FIG. 5: Volume fraction profiles of (a) hydrophilic bead H, (b)
hydrophobic bead T and c) total volume fraction profile of three
saturated lipids given by SCMF model.
pressed bilayers.
Double bilayer systems can be formed in two dis-
tinct experimental situations: (i) dehydration of the
water layer between the bilayers, when the distance
between the bilayers is controlled by hydration level
(the number of water molecules per lipid)17,29 and (ii)
mechanical compression of two bilayers17, for exam-
ple, squeezed between two parallel walls; in this case
the control parameter is the distance between the cen-
ters of mass of the bilayers.
We choose two POPC lipid bilayers placed between
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FIG. 6: Average volume fraction profile of unsaturated DOPC
lipid bilayer (solid) as compared with the saturated DSPC lipid
bilayer of similar structure (dashed). T represents hydrophobic
and H hydrophilic heads.
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FIG. 7: Disjoining pressure between two compressed POPC
bilayers as a function of water layer thickness Dw in a logarithmic
scale. Solid and open squares denote experimental and simulation
data by Smirnova et al.17, solid triangles are experimental data
by Varma et al.30, solid stars are our simulation results with
SCMF model.
non-interacting walls in order to compare with the ex-
isting experiment and simulation data. The height of
the box is decreased and the number of lipids in the
box is adjusted to find the minimum of the free energy.
The number of lipids corresponding to the minimum
of the free energy is then corresponds to equilibrium
area per lipid. This is similar in spirit to simulations
in Grand canonical ensemble, while mechanical and
thermodynamic properties of the bilayers are calcu-
lated the same way as discussed in previous section.
Figure 8 shows a typical volume fraction profile of
two compressed bilayers. In addition, another impor-
tant property of the bilayer can be calculated, the
disjoining pressure at a certain water layer thickness
Dw which is given by
17
P =
2KC
Dcom −Dw
(
ADcom
A0
− 1) (9)
where Dcom is the distance between the centers of the
bilayers, KC is the compressibility modulus
9 and A0
is the area per lipid of a unperturbed POPC bilayer at
equilibrium. In turn, Dcom−Dw denotes the thickness
of single
bilayer.17 It is equal to the distance between heads
of single bilayer at equilibrium, Dhh. Since our
method can directly measure both Dhh and Dw, they
are directly obtained from the volume fraction pro-
file as will be mentioned later. ADcom is the area per
lipid at a given membrane thickness (Dhh). The ini-
tial height of box is 120 A˚ and decreased to 60 A˚ by
step 5 A˚. The number of lipids, free energy per lipid
and area per lipid at equilibrium state of compressed
bilayers are changed with decreasing volume of the
box.
Figure 7 shows a comparison of disjoining pressure
corresponding to water layer thickness, collecting data
from both experiments and simulations. The experi-
mental results30 are calculated from osmotic pressure
at room temperature.31,32 Open square represents the
simulation data obtained from compressed double bi-
layer system using Eq.(9). Solid star represents the
simulation results with SCMF theory for POPC and
calculated from Eq.(9). Here the value of KC is taken
from the Table II as 237 dyn/cm. It is important to
note that the way to define the thicknesses Dw and
Dhh has a great impact on the result. Several meth-
ods of definition have been explored in the literature in
both experiment and simulation. Most common def-
inition comes from X-Ray scattering is the distance
between the maxima in the electron density profile23
which it often related to phosphate peaks. Here we
use the same method to define Dhh in order to com-
pare with experiment results. Since our model do not
distinguish phosphate groups but has only a general
hydrophilic head group, Dhh is defined as the head-
to-head distance of a single unperturbed bilayer, DH
in Table II. The water interface of Dw is defined at
the half density of solvent in our simulation. Figure 7
shows a good agreement with both experiment and
simulation of our model in a compressed two-bilayer
system.
The free energy cost of the equilibrium state of com-
pressed double bilayers as a function of the distance
between the centers of mass of the bilayers is shown
in Figure 9. The free energy difference per lipid is
calculated as a function of the free energy of unper-
turbed single bilayer ∆F = (F − Feq). We compare
our simulation results (red stars and circles) with a
similar double bilayer system within MD simulations
using MARTINI model17 (black squares). In highly
compressed state, Dcom < 45 A˚, we find linear de-
pendence between the free energy and the distance
between centers of bilayers. For small compressions,
Dcom > 45 A˚, our simulations show a very good agree-
ment with molecular dynamics simulation.
Figure 10 shows the area per lipid as a distance
between the centers of bilayers calculated with SCMF
theory. Dashed lines correspond to equilibrium areas
per lipid in unperturbed single bilayers of DMPC and
POPC membranes, which corresponds to two bilayers
that do not feel each other. With increasing distance
between bilayers the area per lipid decreases with in
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dotted (POPC) lines denote the experimental value for
unperturbed single bilayers for reference at infinite distances.
a similar way for saturated DMPC and unsaturated
POPC lipid bilayers.
V. CONCLUSION
We propose a general model for saturated, DCPC,
DLPC, DMPC, DPPC, DSPC and unsaturated
POPC and DOPC phospholipids which differs only
in hydrocarbon chains. The lipid molecule is repre-
sented by two hydrophilic beads which are the same
for all studied lipids and 6-10 beads in the tail and
correspond to different number of carbons. Essential
equilibrium properties of the phospholipid bilayer such
as compressibility constant, volume fraction, and the
area per lipid can be obtained with good precision and
in accordance with experimental data. This general
model is able to describe most of equilibrium proper-
ties of phospholipid bilayers such as the thickness of
the bilayer and the hydrophobic core, position of hy-
drophilic and hydrophobic groups in the bilayer, the
mechanical properties of the bilayer and the corre-
sponding compressibility constant. The performance
of the model was tested in a two-bilayer system, where
non-adsorbing membrane is compressed and the force
– distance profile is measured. The model gives re-
sults, which are in good agreement with experimental
data as well as with molecular dynamics simulations.
The proposed model can further be used for model-
ing thermodynamic and mechanical properties of mix-
tures of lipids and interactions with nano-objects.
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